The murine Ly-49 antigen belongs to a family of type II transmembrane molecules containing lectin-like domains. The original member of this family, Ly-49A, has been demonstrated to be expressed by a subpopulation of natural killer (NK) cells, bind certain dass I major histocompatibility complexes (MHC), and act as a negative regulator of lytic activity. The expression patterns and functional activities of the other Ly-49s, however, is unknown. We extended the study of this family by isolating cDNAs encoding two new Ly-49 molecules. The reactivity of these and previously identified Ly-49 molecules with NK antibodies was tested in a COS cell expression system. YE1/32 and YE1/48 bound Ly-49A specifically, and 5E6 reacted only with Ly-49C. Three-color flow cytometric analysis demonstrated that Ly-49A and Ly-49C expression defines complex, but distinct subsets within NKI.1 + cells. Some NKI.I-CD3 + as well as NKI.I-CD3-cells expressing Ly-49A or C were also detected. Analysis of MHC congenic strains of mice demonstrated that YE1/32 + and YE1/48 + NK cells are not deleted, as has been shown with the Ly-49A mAb A1. Furthermore, COS cells transfected with Ly-49A bound H-2 a and H-2 k cell lines, whereas Ly-49C transfectants bound H-2 a, H-2 k, H-2 b, and H-2 s. The antibodies 5E6 and 34-1-2S (anti-class I MHC) inhibited the binding of Ly-49C to an H-2 s cell line. These results imply that the NK cell antigens Ly-49A and C bind to different repertoires of dass I MHC molecules.
M
urine NK cells are capable of recognizing and eliminating diverse cell types, including tumor cell lines, vitally infected cells, and MHC-disparate bone marrow grafts (1, 2) . Although NK cell cytotoxidty is not MHC restricted, the expression of certain class I MHC on target cells may provide protection from NK lysis. It has therefore been hypothesized that NK cells possess receptors that deliver negative signals upon interaction with class I MHC molecules, and that NK cells normally function by recognizing an absence of self (3, 4) . Recently, an NK cell surface molecule termed Ly-49 expressed on '~20% of NKI.1 + cells from C57BL/6 mice, has been proposed to be a receptor on NK cells that recognizes class I MHC molecules on target cells and transduces negative signals to NK cells. Ly-49 + NK cells were shown to be unable to lyse tumor targets expressing H-2D a, and this inhibitory effect was reversed with either the anti-Ly-49 mAb A1 or an Ab against the c~1/o~2 domain of H-2D d (5) . The adhesion of Ly-49 + lymphoma cells to purified and immobilized D a and D k, which is inhibitable with the Ab A1, has also been demonstrated (6) . These results further indicate that Ly-49 is an NK cell receptor for class I MHC on target cells. 2287 Ly-49 is actually a family of closely related molecules that share similar amino acid and nucleotide sequences. We have termed the original member of this family Ly-49A and two other related molecules Ly-49B and Ly-49C (7) . The Ly-49 family has sequence similarity with another family of NK cell-associated molecules termed NKR-P1. They both encode type II transmembrane proteins with lectin-like domains (8) . Furthermore, these genes are closely linked on a distal segment of chromosome 6, indicating the presence of an NK cell-associated gene complex (9, 10) . In the case of CMV infection, different strains of mice differ in the ability of their NK cells to eliminate vitally infected cells. This genetic difference maps to the Ly-49/NKR-P1 locus, and has been hypothesized to be the result of differences between strains in the repertoire of polymorphic NK cell receptors (11, 12) . Although the role of Ly-49A in NK cell functions has been studied, functional roles of other members of the Ly-49 family are yet to be determined.
The 5E6 antigen is expressed by the subpopulation of NK cells that mediates the rejection of bone marrow cells from H-2 d, but not H-2 b, mice transplanted into irradiated hosts (13) . The genes regulating the rejection have been located within the MHC and are thought to encode hemopoietic histocompatibility (Hh) 1 antigens or to regulate the expression of Hh antigens (2) . However, the identity of Hh antigens and their receptors on NK cells are unknown. The 5E6 antigen has recently been reported to be a member of the Ly-49 family (14) , suggesting that it may function as a receptor molecule on NK cells.
In this report we describe the cloning of two additional members of the Ly-49 multigene family as well as the specificities of three of the existing Ly-49 Abs, YE1/32, YE1/48, and SW5E6. Our results suggest that 5E6 is identical to Ly-49C, and that murine NK cells can be divided into subpopulations on the basis of expression of Ly-49A and Ly-49C. Furthermore, Ly-49A and Ly-49C mediate adhesion to distinct class I MHC molecules, implicating important roles for these receptors in NK cell function.
Materials and Methods
Mice. C57BL/6, C57BL/10 (B10), B10.A, B10.BR, and B10.D2 mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
NK Cell Preparations.
Activated splenic NK calls were isolated by a two step adherence system. Single cell suspensions of spleen cells were suspended in ammonium chloride to lyse RBC, followed by a 24-h incubation to remove adherent ceils according to their adherence to plastic. The nonadherent layer was then cultured for 3 d in the presence of IL-2 (1,000 U/m1). Activation of NK cells with IL-2 has been shown to specifically induce their adherence to plastic (15) . After 3 d all nonadherent cells were removed and the remaining cells were cultured with IL-2 for 4-6 d. This procedure results in a cell population that is 70-80% NKI.1 +.
CelILines. The cell lines COS-l, A20, R.I.1, CTTL-2, GM979, IC-21, P388D1, MBL-2, C1498, YAC-1, 34-1-2S, 2.4G2, and PK136 were purchased from American Type Culture Collection (Rockvitle, MD). B10/A2/2.2 is an Abelson virus-induced leukemia cell line derived from a B10.A mouse (16) . COS-l, A20, R1.1, IC-21, P388D1, MBL-2, C1498, YAC-1, GM979, and B10/A2/2.2 were maintained in DMEM + 5% FCS and 34-1-2S, 2.4G2, and PK136 were cultured in DMEM + 10% FCS. CTLL-2 was maintained in RPMI supplemented with 10% FCS and 20 U/ml IL-2.
Antibodies. The mAbs YE1/32 (16), YE1/48 (16) , and PK136 (17) were purified from tissue culture supernatants using Protein G Sepharose 4 Fast Flow (Pharmacia LKB, Hscataway, NJ). YE1/32 and YE1/48 were labeled with biotin (Sulfosuccinimidobiotin; Herce Chemical Co., Rockford, IL) and used for cell staining at 2/~g/ml. PK136 was labeled with FITC and cyanine 5 (Cy5), and used at 8 #g/ml and 25/~g/ml respectively. R-PE-conjugated 5E6 and FITC conjugated CD3 were purchased from PharMingen (San Diego, CA) and were both used at a concentration of 10/~g/ml. In the adhesion blocking studies, purified 5E6 (PharMingen) and A-20 (anti-Ly-5.2) (18) were used at a concentration of 5/~g/ml, and 34-1-2S (19) was used as hybridoma supernatant. Cells were incubated with the appropriate Ab for 30 min at 37~ before the adhesion assay.
Flow Cytometry. All staining procedures were carried out at cell concentrations of 10Vml. Cells were first incubated at 4~ for 30 min with the Ab 2.4G2 (20) to block Fc receptor binding, then 30 minutes with the desired Ab, followed by two washes with PBS containing 2% FCS and 0.1% sodium azide. In the case of biotinylated Abs, streptavidin-PE and streptavidin-FITC were then added and cells incubated for an additional 30 min at 4~ Indirect secondary Ab staining techniques were used for single-color staining with YE1/32 and YE1/48 only. After the first set of washes, cells were incubated with a goat anti-rat FITC Ab. In all cases the final wash was done with propidium iodide added at a concentration of I #g/ml. Dead cells stained with propidium iodide were gated out. The cells were analyzed on a FACStar Plus | (Beckton Dickinson & Co., Mountain View, CA) equipped with a 5-W Argon and a 30-mW helium neon laser.
cDNA Cloning. PCR primers were designed corresponding to sequences in the 5' and 3' untranslated regions of the Ly-49A cDNA, which amplify the entire open reading frame. The sequences of the oligonucleotides were 5'-AGTACCGCGGCATTTGAACTG-AGAACA-Y and 5'-TACTCCGC~K~AGACEKAGTCC~Y. The first strand of cDNA was generated in a 25-/xl mixture containing 10/~g total RNA, 0.5 mM dNTPs, 4/~g/ml random hexamers, 10 mM dithiothreitol, and 200 U of reverse transcriptase RT. The reaction was incubated at 37~ for I h followed by 5 min at 95~ to inactivate the enzyme. 1/~1 of this reaction was then subjected to PCR in a 50-/~1 volume of 25 mM KC1, 1.5 mM MgC12, 0.2 mM dNTPs, 1 #M each primer, and 1 U of Taq polymerase. 35 cycles were carried out as follows: 1 min denaturation at 94~ 1 min annealing at 45~ and 3 min extension at 72~ This was followed by a final extension at 72~ for 5 min. The PCR products of expected size (950 bp) were purified from a 1% agarose gel, cut with SstlI to remove the primer tails, and subcloned into the SstlI site of Bluescript-KS.
Ly-49D was isolated from an amplified (C57BL/6 x CBA)Ft lung cDNA library purchased from Stratagene (La Jolla, CA). 6 x l0 s plaques were screened, using a 639-bp PstI Ly-49A fragment (nucleotides 442-1082) as a probe. Overnight hybridizations were done at 55~ in 6x SSC (lx SSC is 0.15 M NaC1, 0.015 M sodium citrate, pH 7.5), 0.5% SDS, 0.02% polyvinylpyrrolidone, 0.02% ficoll, 0.02% BSA, 10 #g/ml denatured salmon sperm DNA, and 10 s cpm/ml denatured probe.
DNA Sequence Analysis. cDNA clones were sequenced by the dideoxy method modified for use with T7 polymerase (21) . Sequence analysis was performed with the GCG software package (22) .
COS Cell Expression. cDNAs were cloned into pAX142, a variant of the pAXll4 expression vector (23) . Plasmid DNA was transfected into COS-1 cells by DEAE-dextran transfection as has been described dsewhere (24) . 3 d later cells were analyzed by FACS | or assayed for acquired adhesive properties.
Cell Adhesion Assay. COS cells were transfected with Ly-49 cDNAs as described above. After 24 h, cells of each transfectant were trypsinized and 2 x 10 s cells were transferred to 6-cm dishes (3002; Falcon Labware, Oxnard, CA). 48 h later, the adherent layer of cells was washed twice, followed by an overlay of 1.5 ml of test cells at 106-107 cells/ml. Calls were incubated for 2 h at 37~ followed by five washes with prewarmed media.
To quantitate cell adhesion, 5 x l& labeled GM979 ceUs (1/~Ci NaSlCrO4/10 s cells) were incubated with adherent, transfected COS cells for 2 h. After several washes, cells that remained attached to the adherent layer were lysed with 10% Triton X and radioactivity was determined. Each condition was done in triplicate and error bars show the standard deviation.
Abbreviations used in this paper: CRD, carbohydrate recognition domain;
Hh, hemopoietic histocompatibility; RT, reverse transcriptase.
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Cloning of Additional Members of the Ly-49 Multigene
Family. In a previous study in which we reported the isolation of the novel cDNAs Ly-49B and C, analysis of partial genomic clones suggested the existence of other Ly-49 related genes (7). In an effort to further characterize this multigene family, we have isolated additional cDNAs by PCR and library screening. RT-PCR was performed on RNA isolated from IL-2-activated NK cells of B10.A mice. Several clones were isolated, one of which differed from all other Ly-49s in restriction fragment pattern and was therefore analyzed in more detail. In addition, a lung cDNA library, from which Ly-49B and C were isolated, was rescreened using a 639-bp PstI fragment from the 3' end of the Ly-49A cDNA as a probe. This library yielded one clone differing from all other Ly-49 sequences. The cDNA from the lung library has been designated Ly-49D and the PCR generated cDNA from B10.A NK cells is Ly-49E. An alignment of the predicted proteins of the five Ly-49 molecules shows several well conserved features (Fig. 1) . With the exception of Ly-49B, which contains 17 additional COOH-
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CCGMKCYYF I MDDKKWNGCK terminal amino acids, the molecules are almost identical in size. Additionally, there is one N-linked glycosylation site as well as 11 extracellular cysteine residues common to all Ly-49s. These cysteines are likely important in disulfide bond formation which would function to give these molecules similar three dimensional structures. As has been reported previously, Ly-49A contains an extracellular domain homologous to the carbohydrate recognition domain (CRD) of C-type animal lectins (7, 25). Although members of the Ly-49 family lack several of the amino acids common to the CRD of other C-type lectins (26, 27), the four invariant cysteines of this domain are conserved in all Ly-49s. Table 1 provides pairwise comparisons of the five Ly-49 molecules at the amino acid and nucleotide levels. In all cases homology between members of this family is significantly higher at the nucleotide than at the amino acid level. Ly-49C shares 83% amino acid identity with Ly-49D, a homology higher than that seen between any of the other members of this family. It is interesting to note that the region of striking similarity between Ly-49C and Ly-49D is in the extraeellular region (90%), whereas the cytoplasmic and transmembrane regions are equally homologous with all other Ly-49 molecules (65%). Ly-49E shares 76% of its amino acid residues with Ly-49A, with the majority of these falling in the lectinlike domain (83%). All other sequence comparisons between members of this family show similar ranges of identity in the cytoplasmic and transmembrane domains and significantly greater divergence in the extracellular lectin-like domain.
COS Cell Expression of Ly-49 cDNAs and Reactivity with
Ly-49 Antibodies. To determine whether different anti-Ly-49 Abs can specifically recognize unique members of this multigene family, we expressed all five of our Ly-49 cDNAs in COS cells and tested for reactivity with YE1/32, YE1/48, and 5E6 (Fig. 2) . Both YE1/48 (Fig. 2 A) and YE1/32 (not shown) react specifically with Ly-49A and no other members of the family. 5E6, which has recently been shown to bind an Ly-49 molecule (14), reacts specifically with Ly-49C (Fig.  2 D) . This lack of crossreactivity between related but distinct proteins indicates that these Abs should prove useful in dissections of the Ly-49 family.
Expression of YEI/48 and 5E6 Defines Distinct NK Subsets. We next examined the expression of Ly-49A and
Ly-49C on NK cells from C57BL/6 mice by three-color 
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Ly-49E (Fig. 3 D) . Two Ly-49A + populations were evident within the Ly-49C + population, one Ly-49A "high" (most of which are NKI.1 +) and the other Ly-49A "low" (mostly NKI.1-). Ly-49C+Ly-49A -cells were also divided into NKI.1-and NKI.1 + populations. Similarly, Ly-49A high cells could be subdivided into NK1.l-Ly-49C-, NKI.1 § Ly-49C-, NKI.1 + Ly-49C +, and NKI.1 -Ly-49C + populations (Fig. 3 F) . Gating on Ly-49A + or Ly-49C + spleen cells has shown that significant numbers of these cells are NKI.1 negative (Fig. 3, D and F) . We have examined these populations for expression of CD3 (Fig. 3, H and j) . NKI.1 + gated fresh spleen cells stained with biotinyhted YE1/48 followed by Streptavidin-PE (E).
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MHC congenic strains of mice (B10.A, B10.D2, and B10.BR), indicating an MHC-based selection of the NK repertoire (28) . FACS | analysis of IL-2-activated NK cells, however, demonstrated that the YE1/48 + population is not altered in these strains of mice (Fig. 4, A-D) . In addition, two color analysis of fleshly isolated splenic NK cells indicates that YE1/48 + NK cells are not deleted in B10.A mice (Fig. 4 E) . This expression pattern is in stark contrast to that of the Ab A1, which stains 15-20% of B10 NKI.1 § cells, but is entirely absent in B10.A mice (28) . Analysis of YE1/48 expression within the NKI.1 + gate of fresh spleen cells clearly demonstrates that the same 15-20% population persists regardless of haplotype. Identical staining was observed with both YE1/48 and YE1/32 (not shown).
Ly-49A and Ly-49C Mediate Cell Adhesion. Recent studies
have demonstrated a physical interaction between Ly-49A and certain class I MHC molecules (D a and D k) (5, 6). To determine whether Ly-49C also functions as an adhesion molecule and to further characterize the binding patterns of Ly-49A, we have examined several cell lines for their ability to adhere to COS cells transfected with each of these Ly-49 cDNAs ( Table 2 ). The haplotypes of the cell lines were H-2 a (A20 and P388D1), H-2 k (R1.1), H-2 b (C1498, CTLL-2, IC-21, and MBL-2), H-2' (GM979), and H-2 ' (B10/A2/2.2 and YAC-1). As expected, Ly-49A transfected COS cells bound the H-2 d and H-2 ~ cell lines, but failed to bind to H-2 b, H-2 a, and H-2 s. Ly-49C transfectants bound all the cells tested, with the exception of the two H-2 ' cell lines (which also did not bind Ly-49A). Fig. 5 shows typical binding observed by H-2 a (A20) and H-2 b (CTLL-2) cell lines. These results demonstrate that Ly-49C, like Ly-49A, functions as a receptor molecule, and that these molecules have nonidentical ligand specificities.
Antibodies to Class I MHC and Ly-49C Block the Adhesion of GM979 to Ly-49C.
After demonstrating distinct adhesion specificities for Ly-49A and C, we next investigated whether the ligand for Ly-49C is a class I MHC molecule.
In this set of experiments we employed the H-2' cell line GM979, which was shown to bind Ly-49C but not Ly-49A. The anti-class I MHC Ab 34-1-2S almost entirely abolished Ly-49C-mediated adhesion (Fig. 6) , whereas an anti-Ly-5.2 Ab had minimal effect. The anti-Ly-49C Ab 5E6 also completely blocked the binding of GM979 to transfected COS cells (Fig. 6 ).
Discussion
Previous Ly-49 studies have focused on the original member of this multigene family. Ly-49A has been demonstrated to 
Transfected COS cells were incubated with the above cell lines for 2 h at 37 ~ C. Adhesion ( + or -) was evaluated after five washes as described in Fig. 5 . small fragments of the Ly-49A cDNA hybridized to multiple bands (25, 29) . We have continued the elucidation of this complex family by isolating two novel Ly-49 cDNAs. Ly-49D was cloned from the same (C57BL/6 x CBA)F1 lung cDNA library which yielded Ly-49B and Ly-49C (7). Although Southern blot analysis between mouse strains indicates that this family may be polymorphic (30) , the sequence differences between the cDNAs we have isolated is likely too great to be allelic. Ly-49E was cloned from a B10.A mouse, whereas Ly-49A was originally cloned from C57BL/6 T lymphoma lines (25, 29) . Genomic Southern blot analysis with the Ly-49A cDNA has shown that these two strains share the same RFLP pattern (30) . Although the expression patterns of these genes have not been fully determined, all five cloned Ly-49 genes are detected in NK-enriched spleen cells by RT-PCR, suggesting that all of them may be expressed in NK cells (Masterman, S., and F. Takei, unpublished observation). COS cell expression of these five Ly-49 cDNAs has allowed for a precise definition of three Ly-49 mAbs. YE1/32 and YE1/48 react with Ly-49A, and 5E6 reacts with Ly-49C. This lack of crossreactivity between related molecules has allowed us to determine the identity of the 5E6 antigen and dissect NK subsets based upon expression of these Ly-49 molecules. We have shown that within NKI.1 + spleen cells, there are both Ly-49A single positive, Ly-49C single positive, as well as double negative and double positive cells. This is the first demonstration that expression of distinct members of the Ly-49 family of molecules defines separate NK cell subsets.
Although the functional significance of these NK cell subsets is yet to be established, previous work has ascribed different functional properties to Ly-49A + and Ly-49C + NK cells. IL-2-activated Ly-49A + and Ly-49A-NK cells are equal in thdr ability to lyse H-2 b tumor target cell lines, whereas Ly-49A + NK cells are specifically unable to lyse H-2 a and H-2 k targets. It has been demonstrated that expression of D a on the target cell surface protects the cell from lysis by Ly-49A + NK cells (5) . Ly-49C + (5E6 +) NK cells, on the other hand, mediate the rejection of H-2 a, but not H-2 b, bone marrow grafts in lethally irradiated recipients (13) . Our demonstration that these NK antigens are expressed on distinct subsets confirms the prediction that NK cells may be subdivided into separate functional compartments. The fact that the cell surface molecules that allow for this precise subdivision belong to the same family of molecules suggests that they themselves may be receptors that confer a functional property on the subset. This has been shown to be the case for Ly-49A. It is interesting to note that there are a small number of NKI.1 + cells double positive for Ly-49A and Ly-49C. It remains to be seen if this population has a unique functional characteristic or whether it represents a stage in NK cell development.
Ly-49C + spleen cells can be divided into complex subsets, including Ly-49A negative, Ly-49A low, and Ly-49A high populations, each of which can further be divided into NKI.1 + and NKI.1-subsets. Significant numbers of Ly-49A + and Ly-49C + cells coexpress CD3 and NKI.1, demonstrating a true sharing of markers that have been regarded as NK specific (NKI.1) or T cell specific (CD3). Some of the cells expressing Ly-49A or C are NKI.1-and include CD3 + as well as CD3-cells. The importance of these populations is unclear, but they too may represent stages in NK cell development.
Our Ly-49A expression data with YE1/32 and YE1/48 has shown an interesting difference when compared with the mAb A1. A1 + cells represent 15-20% of NKI.1 + cells in B10 mice, but are absent in the MHC congenic strain B10.A, demonstrating an MHC based selection of the NK repertoire (28) . Our results have shown, however, that NKI.1 + YE1/32 + and NKI.1 + YE1/48 + cells are not deleted in B10.A or any other MHC congenic strains of mice tested (B10.BK and B10.D2). This discrepancy in the expression patterns of these Ly-49 Abs suggests that YE1/32 and YE1/48 are capable of recognizing an epitope not recognized by A1 and not negatively selected by the H-2 a, H-2 k, or H-2 ~ haplotypes. It is not known whether this epitope is carried by an additional, and as yet uncharacterized, member of this highly related family of molecules or if it is generated by a posttranslational modification of Ly-49A, perhaps by formation of dimers with other Ly-49 molecules.
We have shown that both Ly-49A and Ly-49C function as cell adhesion molecules when expressed in COS cells. The binding pattern of Ly-49A correlates well with the data on lysis by Ly-49A § NK cells. These cells kill H-2 b targets, but not H-2 a or H-2 k (5). Our data demonstrates that a ligand for Ly-49A is expressed on H-2 a and H-2 k, but not H-2 b cell lines. The lack of binding to H-2 b implies a lack of protective class I molecules, which explains why these cells are killed by Ly-49A + NK cells. Ly-49A also failed to bind the H-2 s and H-2 a cell lines. The H-2 a haplotype is a hybrid one (K k, Dd), and it was therefore unexpected that Ly-49A would not bind a cell expressing D d. Interestingly, these H-2 a cell lines were the only ones tested to which Ly-49C did not bind, although binding was observed to H-2 k, H-2 d, H-2 b, and H-2 s lines. It should be noted that the two H-2 ~ cell lines expressed D d as expected (data not shown). It is unknown if the inability of these H-2 a cell lines to bind Ly-49A and Ly-49C is a peculiar property of these particular cell lines, or the H-2 a haplotype in general.
The demonstration that anti-class I MHC antibody in- 
